Production of the siderophore 2,3-dihyroxybenzoic acid (2,3-DHBA) is required for the wild-type virulence of Brucella abortus in cattle. A possible explanation for this requirement was uncovered when it was determined that a B. abortus dhbC mutant (BHB1) defective in 2,3-DHBA production displays marked growth restriction in comparison to its parent strain, B. abortus 2308, when cultured in the presence of erythritol under low-iron conditions. This phenotype is not displayed when these strains are cultured under low-iron conditions in the presence of other readily utilizable carbon and energy sources. The addition of either exogenous 2,3-DHBA or FeCl 3 relieves this growth defect, suggesting that the inability of the B. abortus dhbC mutant to display wild-type growth in the presence of erythritol under iron-limiting conditions is due to a defect in iron acquisition. Restoring 2,3-DHBA production to the B. abortus dhbC mutant by genetic complementation abolished the erythritol-specific growth defect exhibited by this strain in low-iron medium, verifying the relationship between 2,3-DHBA production and efficient growth in the presence of erythritol under low-iron conditions. The positive correlation between 2,3-DHBA production and growth in the presence of erythritol was further substantiated by the observation that the addition of erythritol to low-iron cultures of B. abortus 2308 stimulated the production of 2,3-DHBA by increasing the transcription of the dhbCEBA operon. Correspondingly, the level of exogenous iron needed to repress dhbCEBA expression in B. abortus 2308 was also greater when this strain was cultured in the presence of erythritol than that required when it was cultured in the presence of any of the other readily utilizable carbon and energy sources tested. The tissues of the bovine reproductive tract are rich in erythritol during the latter stages of pregnancy, and the ability to metabolize erythritol is thought to be important to the virulence of B. abortus in pregnant ruminants. Consequently, the experimental findings presented here offer a plausible explanation for the attenuation of the B. abortus 2,3-DHBA-deficient mutant BHB1 in pregnant ruminants.
Brucella spp. are gram-negative facultative intracellular pathogens that cause infectious abortion and infertility in ruminants such as sheep, goats, and cattle (6) . Pregnant cattle exhibit the greatest sensitivity to infection by B. abortus, and susceptibility to the disease increases as pregnancy progresses. Abortion is associated with the extensive replication of the brucellae within the chorioallantoic trophoblasts that form a vital component of the placenta (1, 15, 29, 31) . This massive intracellular replication ruptures the infected trophoblasts and allows the bacteria direct access to the fetus (20) . The resulting loss of placental integrity and fetal infection lead to termination of the pregnancy or the premature birth of a weak and infected calf (6) .
Erythritol is a four-carbon sugar alcohol that serves as the preferred carbon and energy source for B. abortus (17, 32) . Placental trophoblasts produce this sugar in increasing amounts during the latter stages of gestation, which coincides with the period when pregnant cattle are most susceptible to infection with B. abortus (6, 25, 30) . Consequently, it has been postulated that the ability of B. abortus to efficiently metabolize erythritol is critical to its virulence in pregnant cattle (30) . In support of this proposition, erythritol inhibits the growth of the vaccine strain B. abortus S19 in vitro, which is consistent with the attenuation of this strain in pregnant cattle (16, 33) .
Iron deprivation is an effective host defense that is used by plants and mammals to restrict the growth of microbial pathogens within their tissues (4, 21) . Pathogens have developed multiple strategies to overcome this iron limitation, and one of the best-known methods is through the synthesis of low-molecular-weight iron chelators known as siderophores. B. abortus synthesizes the monocatechol siderophore 2,3-dihyroxybenzoic acid (2,3-DHBA) in response to iron limitation in vitro (13, 14) . B. abortus BHB1, an isogenic derivative of the virulent strain 2308, cannot produce 2,3-DHBA due to a polar mutation in the first gene of the dhbCEBA operon (formerly designated entCEBA) (3) . Studies employing BHB1 have clearly shown that 2,3-DHBA production is not required for the wildtype virulence of B. abortus in BALB/c (Brucella-sensitive) (3) or C57BL/6 (Brucella-resistant) mice (19 Although the presence of substantial concentrations of erythritol in the ruminant reproductive tract during the latter stages of gestation has been postulated to be a critical determinant for the virulence of B. abortus in these animals (29, 30) , the same relationship does not appear to hold for the virulence of B. abortus in the mouse model. Erythritol is not considered to be a component of murine tissues, and B. abortus strains carrying defined mutations in the genes responsible for erythritol catabolism (eryABCD) retain wild-type virulence in experimentally infected mice (26) . Consequently, it was quite interesting when further evaluation of the phenotypic properties of the B. abortus dhbC mutant BHB1 revealed that this strain displays significant growth restriction compared to the parental 2308 strain when cultured in the presence of erythritol in the oxine-extracted low-iron minimal medium described by López-Goñi et al. (Fig. 1) . Inocula for low-iron cultures were prepared by growing B. abortus strains for 48 h in brucella broth, harvesting the cells, washing them with either phosphate-buffered saline or low-iron medium, and resuspending cells in low-iron medium to an optical density at 600 nm (OD 600 ) of 0.15 to 0.25. These cell suspensions were then added to 15 ml of sterile low-iron medium in a 50-ml conical centrifuge tube at an inoculum of 0.1% and were incubated with shaking at 37°C. Restricted growth for the dhbC mutant BHB1 compared to that of strain 2308 was observed at concentrations of mesoerythritol ranging from 0.1 to 1.0% in the low-iron minimal medium. Restricted growth of BHB1 in comparison with 2308 was not observed when these strains were cultured in the low-iron minimal medium supplemented with glucose, galactose, arabinose, sucrose, or glycerol (data not shown) or when these strains were grown in the presence of erythritol in the low-iron minimal medium supplemented with 50 mM FeCl 3 (Fig. 2) . Moreover, BHB1 displayed a growth profile comparable to that of the parental 2308 strain in brucella broth and in brucella broth supplemented with 0.1 to 1.0% meso-erythritol (data not shown). These experimental findings suggest that the production of 2,3-DHBA is required for the wild-type growth of B. abortus 2308 in the presence of erythritol under low-iron conditions.
Genetic complementation was used to verify the link between the 2,3-DHBA-negative phenotype of B. abortus BHB1 and the inability of this strain to grow efficiently in the presence of erythritol in the low-iron minimal medium. To facilitate the complementation of the dhbC mutation in trans, the polar dhbC::kn r disruption present in BHB1 was replaced with an in-frame, nonpolar ⌬dhbC mutation. The nonpolar dhbC mutation harbors the same 261-bp EcoRV internal deletion used for construction of the polar dhbC::kn r allele; however, the remaining portions of the dhbC open reading frame were ligated together without introducing an antibiotic resistance cassette, resulting in the construction of plasmid pBH28. A 2.1-kb fragment containing the dhbC gene harboring the internal inframe deletion was removed from pBH28 by digestion with EcoRI. This fragment was incubated with the Klenow fragment of DNA polymerase I (Promega) to fill in its protruding 5Ј ends and cloned into the SmaI site of the sacB-containing vector pEX100T (28) . The resulting plasmid construct was used in a sucrose-resistance based counterselection strategy (24) to introduce the nonpolar dhbC mutation into B. abortus 2308. The nonpolar dhbC mutant constructed in this manner was designated BHB2. The genotype of this mutant was confirmed by PCR, and the 2,3-DHBA-negative phenotype of this strain was verified by the Arnow assay. As expected, and in a fashion similar to that for BHB1, BHB2 displayed growth restriction in the presence of erythritol in the low-iron minimal medium (Fig. 3) . Electrotransformation of BHB2 with a pBBR1MCS-4 derivative (12) carrying a 2.3-kb EcoRI fragment containing the B. abortus dhbC gene restored 2,3-DHBA production by this strain. More importantly, introduction of the cloned dhbC allowed BHB2 to display wild-type growth in the presence of erythritol in the low-iron minimal medium (Fig. 3) , thereby confirming the link between the dhbC mutation in this strain and its inability to grow efficiently in the presence of erythtritol in the low-iron minimal medium from a genetic standpoint. The precise basis for the inability of the B. abortus dhbC mutants to grow efficiently in the presence of erythritol in the low-iron minimal medium is unknown. One possibility, however, is that the catabolism of erythritol during growth in this medium imposes an increased physiologic requirement for iron on this bacterium compared to the utilization of the other carbon and energy sources available in this medium. One of the enzymes involved in the conversion of erythritol to dihydroxyacetone phosphate, 3-keto-L-erythrose 4-phosphate dehydrogenase, is an iron-containing, membrane-bound flavoprotein that appears to be directly linked to the electron transport system in B. abortus (32) . Aconitase, a key enzyme in the tricarboxylic acid cycle, is another iron-containing enzyme whose activity is sensitive to intracellular iron levels (11) . Based on our present knowledge of carbohydrate metabolism in Brucella (8, 22, 23) , the combination of these two potentially iron-sensitive steps is predicted to be unique for the catabolism of erythritol among the carbon and energy sources examined in this study. An increased need for iron during the catabolism of erythritol would also explain the observation that the addition of exogenous FeCl 3 (Fig. 2) or 2,3-DHBA (data not shown) relieves the growth restriction displayed by BHB1 during growth in the presence of erythritol in the low-iron minimal medium.
Further examination of the relationship between 2,3-DHBA production by the parental strain B. abortus 2308 and growth of this strain in the presence of erythritol in the low-iron minimal medium provided additional evidence supporting the proposition that this bacterium experiences an increased need for iron under these growth conditions that appears to be erythritol specific. For instance, when 2,3-DHBA production by B. abortus 2308 grown in low-iron minimal medium was compared to that observed in 2308 cultures grown in low-iron minimal medium supplemented with erythritol to final concentrations ranging from 0.1 to 1% (wt/vol), it was noted that erythritol supplementation had a profound stimulatory effect on 2,3-DHBA production by B. abortus 2308 during growth under iron-restricted conditions (Fig. 4) . This enhancement in siderophore production was not observed for iron-restricted cultures of strain 2308 grown in the presence of other readily utilizable carbon and energy sources including glucose, galactose, succinate, arabinose, xylose, and maltose (data not shown). To confirm that the higher levels of 2,3-DHBA produced by iron-restricted cultures of B. abortus 2308 during growth in the presence of erythritol were the result of increased transcription of the dhbCEBA genes, B. abortus 2308 harboring a plasmid-borne dhbC::lacZ reporter was grown in iron-replete and iron-depleted minimal medium, with or without added erythritol. Plasmid pP dhbC ::lacZ was constructed by cloning a 221-bp region containing the B. abortus dhbC promoter upstream of the promoterless lacZ gene in pMR15 (9) . This plasmid was introduced into B. abortus 2308 by electroporation (5), and ␤-galactosidase production by the plasmidbearing 2308 culture was determined by using the methods described by Miller (18) . pMR15 is a derivative of the lowcopy-number, broad-host-range plasmid RK2, and plasmids of this lineage are typically maintained in B. abortus 2308 at two to four copies per genome equivalent (24) . Significant ␤-galactosidase activity was detected only in the iron-deprived cultures (Fig. 5) , and considerably higher levels of dhbC::lacZ expression were observed in the iron-restricted cultures containing erythritol than in the nonsupplemented cultures. If the increase in dhbC transcription associated with erythritol supplementation of the low-iron minimal medium is a consequence of an increased physiologic demand for iron by B. abortus during growth in the presence of this compound, then higher levels of iron should be necessary to repress dhbC transcription during growth in the presence of erythritol in lowiron minimal medium than are required to repress transcription of this gene during growth in low-iron medium lacking this compound. This is exactly the relationship that was observed when increasing levels of FeCl 3 were added to iron-restricted B. abortus 2308 cultures grown with and without erythritol supplementation (Fig. 6 ). These findings are consistent with erythritol catabolism imposing an increased physiologic demand for iron on B. abortus compared to that imposed by other carbon and energy sources. The evidence presented above strongly suggests that B. abortus 2308 experiences an increased need for iron during the catabolism of erythritol that is not experienced during the catabolism of the carbon and energy sources normally contained in the low-iron minimal medium or of the carbon and energy sources other than erythritol added to this medium during the course of this study. These experimental findings also argue that it is this enhanced physiologic need for iron that drives the increased dhbCEBA transcription that is observed in B. abortus 2308 when this strain is grown in the presence of erythritol under iron-restricted conditions. A possibility that was not addressed in this work, however, is the potential for dual regulation of the 2,3-DHBA biosynthesis operon by both (i) an iron-responsive transcriptional regulator such as the ferric uptake regulator (Fur) (7) and (ii) the erythritol-responsive transcriptional repressor EryD (27) . The eryD gene resides in an operon with eryA, -B, and -C, the genes encoding the enzymes catalyzing the initial steps of the erythritol catabolism pathway. Experimental evidence suggests that EryD represses   FIG. 4 . Erythritol-associated stimulation of 2,3-DHBA production by B. abortus 2308 during growth in low-iron minimal medium (13) . Samples from an unsupplemented low-iron minimal medium culture (2308) and a low-iron minimal medium culture supplemented with 1.0% erythritol prior to inoculation (2308 Ery) were harvested at the indicated times and analyzed for growth and siderophore production. (A) Growth was recorded as OD 600 and was plotted on a logarithmic scale. (B) 2,3-DHBA levels were determined by the Arnow assay (2). To account for differences in growth rates between separate cultures, Arnow results are presented as a ratio of Arnow activity over culture density for each sample collected (A 510 /OD 600 ). In statistical comparison, normalized Arnow values from erythritol-supplemented cultures were significantly greater than those from non-erythritol-supplemented cultures (P Յ 0.01; paired t test analysis). p.i., postinoculation.
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transcription of the eryABCD operon in the absence of erythritol. When erythritol is present, the repressor function of EryD in nullified and active transcription of the eryABCD operon ensues. If EryD exerts a similar form of regulation upon the dhbCEBA operon, then it is possible that the increase in dhbCEBA transcription observed during the growth of B. abortus 2308 in the presence of erythritol in the low-iron minimal medium is the result of erythritol serving as a direct stimulus for increased transcription of the 2,3-DHBA biosynthesis operon (through inactivation of the repressor properties of EryD) and not simply a consequence of an increased physiologic need for iron by this bacterium during the catabolism of erythritol. Such a direct relationship between the presence of erythritol and dhbCEBA transcription could well explain the increase in 2,3-DHBA production observed in B. abortus 2308 during growth in the presence of erythritol in the low-iron minimal medium. It is hard to envision, however, how such a relationship could explain the growth restriction experienced by the isogenic B. abortus dhbC mutants during culture in the presence of erythritol in the low-iron minimal medium or the capacity of exogenous FeCl 3 or 2,3-DHBA to relieve this growth restriction. Nevertheless, it will be important to evaluate the erythritol responsiveness of dhbCEBA transcription during growth in the low-iron minimal medium in B. abortus strains carrying well-defined mutations in the erythritol catabolism genes to better define the link between expression of the dhbCEBA operon and erythritol catabolism in this bacterium. Iron restriction is an important component of the innate immune response in mammals (4, 21) , and B. abortus almost certainly faces a considerable iron deficit during its residence in the erythritol-rich environment of the bovine reproductive tract. Given the proposed link between erythritol metabolism and the virulence of this bacterium in pregnant ruminants (30) , the inability of the B. abortus dhbC mutant BHB1 to display wild-type growth in the presence of erythritol in low-iron minimal medium offers a plausible explanation for the failure of the mutant to induce abortion in pregnant cattle (Bellaire et al., submitted) and goats (Bellaire et al., Abstr. 100th Gen. Meet. Am. Soc. Microbiol.) and potentially defines a role for 2,3-DHBA production in virulence in the ruminant reproductive tract. Establishing a definitive link between the inefficient replication of the B. abortus dhbC mutants in the presence of erythritol under low-iron conditions and their attenuation, however, will require a direct comparison of the virulence properties of these strains in pregnant and nonpregnant cattle with isogenic B. abortus strains carrying mutations in the erythritol catabolism genes (eryABCD) (27) . Considering that the genes surrounding the B. abortus dhbCEBA operon appear to be involved in the conversion of 2,3-DHBA into the recently described, more complex catechol siderophore brucebactin (10) (Bellaire et al., unpublished), it will also be important to examine the contribution of brucebactin to efficient erythritol metabolism by B. abortus under low-iron conditions and the virulence of this bacterium in ruminants. The ␤-galactosidase activity of each culture was determined by using the methods described by Miller (18) . The results presented are from a representative experiment, and statistical significance was calculated (P Ͻ 0.001) by t test analysis by using replicate samples for each culture condition.
FIG. 6. Erythritol-and iron-dependent repression of dhbC expression. To determine the amount of exogenous iron needed to repress dhbC transcription, B. abortus 2308 (pP dhbC ::lacZ) was grown in lowiron medium supplemented with increasing amounts of FeCl 3 in either the presence or absence of erythritol. Cells were harvested after 24 h of incubation under these conditions, and the ␤-galactosidase activity of each culture was determined by using the methods described by Miller (18) . In statistical comparison, ␤-galactosidase activity from erythritol-supplemented cultures was significantly greater than that from non-erythritol-supplemented cultures at each iron concentration examined (P Ͻ 0.01; paired t test analysis using replicate samples for each growth condition). Results presented are from a single experimental trial and are representative of the results obtained from multiple experiments.
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